Over a two year period, we have conducted a diffraction-limited imaging study at 2.2 µm of the inner 6 ′′ ×6 ′′ of the Galaxy's central stellar cluster using the W. M. Keck 10-m telescope. The K band images obtained in 1995 June, 1996 June, and May have the highest angular resolution obtained at near-infrared wavelengths from ground or space (θ res = 0.
Introduction
Extrapolating from the idea that the highly energetic phenomena observed in very active galaxies are powered by massive central black holes, Lynden-Bell & Rees (1971) suggested more than a quarter century ago that much less active galaxies such as our own Milky Way may also harbor massive, though possibly dormant, central black holes. Early on, indirect support for a central black hole arose from the discovery of the unusual radio source Sgr A*; its non-thermal spectrum (e.g., Serabyn et al. 1997 , Beckert et al. 1996 , compact size (Rogers et al. 1994 ) and lack of detected motion ) led researchers to associate it with the putative black hole. Definitive proof regarding the existence of a massive central black hole and its association with Sgr A*, however, lies in the assessment of the distribution of mass in the central few parsecs of the Galaxy. If gravity is the dominant force, the motion of the stars in the vicinity of the putative black hole reveals the mass interior to their orbital radius. Thus, objects located closest to the Galactic Center provide the strongest constraints on the black hole hypothesis.
To probe the inner region of the Galaxy, it is crucial to attain the highest resolution possible. However, turbulence in the Earth's atmosphere distorts astronomical images and typically limits the angular resolution of long-exposures to ∼0.5 -1 arcsec, an order of magnitude worse than the theoretical limit for large ground-based telescopes. With a distance of 8 kpc to the Galactic center (Reid 1993) , traditional long exposure observations are limited to estimating a central mass constrained only to a volume of radius greater than or equal to ∼ 0.1 pc (e.g., Lacy et al. 1980 , McGinn et al. 1989 Genzel et al. 1996) . In contrast to long exposures, short exposures such as the one shown in Figure  1a , although distorted by the atmosphere, preserve high spatial resolution information which can be used to recover diffraction limited images via a number of different techniques, such as the relatively simple and straight forward method of "Shift-and-Add" (Christou 1991) . Eckart & Genzel (1996 applied this method to data from the ESO 3-m NTT and achieved a resolution of 0.
′′ 15 in the first proper motion study of the central stellar cluster. This technique applied to data obtained from the W. M. Keck 10-meter telescope provides a unique opportunity to study the Galaxy center at an unprecedented resolution of 0.
′′ 05.
Here we report the initial results of our proper motion study of the Galaxy's central stellar cluster. Within our 6 ′′ ×6 ′′ field of view, the motions of 90 stars are tracked over two years. With two-dimensional velocities as high as 1,400 km/sec, these stars imply a central mass of 2.6 ± 0.2 × 10 6 M ⊙ interior to a radius of ∼ 0.015 pc, or densities in excess of 10 12 M ⊙ /pc 3 . This volume-averaged mass density exceeds that inferred so far for the center of any other galaxy. The high mass to light ratio and high density lead us to conclude that our Galaxy harbors a massive central black hole.
Observations & Data Analysis
We observed the Galaxy's central cluster with the Keck I facility near-infrared camera (NIRC; Matthews & Soifer 1993) on the nights of 1995 June 10 -12, 1996 June 26 -27, and 1997 May 13 (UT). In order to obtain the highest angular resolution with the maximum sensitivity to stars in this region, measurements were made in the photometric K bandpass (λ o =2.2µm ∆λ=0.4 µm) with a magnified plate scale of 0.
′′ 0203/pixel, providing a 5. ′′ 12 × 5. ′′ 12 field of view (Matthews et al. 1996) . Each year, 3,000 -6,000 images, with an individual exposure time of 0.13 sec, were obtained in sets of 100. These images were primarily centered on the location of Sgr A*, but a few hundred offset frames were also obtained in order to generate a mosaic of a larger region that includes 2 SiO maser sources -IRS 7 and 10ee (Menten et al. 1997 ) -thereby linking the infrared and radio reference frames, and securing the position of Sgr A* to ± 10 mas (1σ).
Conversion of the raw data into diffraction-limited images proceeds in two steps: (1) calibration of the individual frames and (2) creation of the shift-and-add maps. First, the standard image analysis steps of sky subtraction, flat fielding, and bad pixel correction remove the majority of the measurement artifacts from the individual frames, which are known as specklegrams. A few additional operations occur at this initial stage of analysis; a small area (∼ 12% of the field of view), which is contaminated by the unmagnified field (cf. Matthews et al. 1996) , is masked off, the camera's distortion is accounted for (see Appendix for details), each pixel is expanded into 2×2 pixels with equal flux, in order to prevent degradation of the image quality when shifting the specklegrams by fractions of a pixel, and, finally, the specklegrams are rotated through the parallactic angle specified in the header such that they have a common orientation 3 . After this first stage of data processing the specklegrams are free of camera artifacts and are dominated by the short exposure structure of the 4 brightest stars, IRS 16 NE, IRS 16 NW, IRS 16 C, and IRS 16 SW (K ∼ 9-10 mag; see Figure 1a ).
In the second stage of data reduction, the frames are combined to form shift-and-add maps. Each star in the individual exposures is distorted by the atmosphere in the same way, indicating that the field of view is well within the near infrared isoplanatic patch, and has a pattern that is dominated by one bright diffraction-limited spot (or speckle). By adding together the specklegrams, shifted to align the brightest speckle of a reference source (IRS 16 C), we generate a shift-and-add image with a point spread function composed of a diffraction-limited core containing ∼10% of the light on top of a broad seeing halo (see Figures 1 & 2) . Airy rings around the cores of bright stars indicate that the diffraction limit has been truly achieved. The atmospheric conditions during each run are evaluated on the basis of the halo FWHM, which is 0.
′′ 5 in 1995, 0. ′′ 8 in 1996, and 0. ′′ 4 in 1997. Due to field rotation and differences in the centering of individual frames, the field of views of the final shift-and-add images are larger than the original frames, with a 6 ′′ × 6 ′′ region containing all the stars reported here.
Results

Stellar Census
The raw shift-and-add maps reveal a large population of faint stars against the seeing halos of the bright IRS 16 stars. The primary objective in the design of the analysis presented here is to generate an unbiased sample, which is defined independently of the position of Sgr A*. Stars are identified in each image by applying a "match filter," generated by cross-correlating the raw shift-and-add image with the diffraction-limited core (out to r = 0.
′′ 06) of IRS 16 NE, the brightest isolated point source in the field. The values in the correlation map range from 1 for perfectly correlated regions to -1 for perfectly anti-correlated regions; strong peaks, such as the ones shown in Figure 1d , mark the locations of stars. Each peak in the correlation maps exceeding 0.2 is flagged as a potential star, and the star's brightness is estimated by aperture photometry at that location in the shift-and-add map (for details see footnote to Table 1 ). Definite detections are marked for cases which have both a correlation peak exceeding 0.7 and more than 1,000 frames contributing to that location in the final shift-and-add map. Roughly 80 definite detections are made in each map. The final population of stars in each year's map that is considered in this proper motion study is composed of the set of definite detections for a given year and the matches to the definite detections from the other two years, which are searched for among the possible detections within a 0.
′′ 07 radius. If more than one match is found, the closest star must be the most similar in brightness or the star is eliminated from the sample due to source confusion. Table 1 lists the 90 stars that are thus identified in all three measurements and comprise the proper motion sample; half of these stars are definite detections in all three years, whereas the other half have definite detections in only one or two years. The latter group arises from (1) the poorer quality of the 1996 map, which causes some stars' correlation values to drop below the definite detection threshold that year, but nonetheless satisfy the potential star criteria and are matched to definite detections in the other years, and (2) differences in map centers, which results in some stars near the peripheries having more than 1000 contributing frames in at least one map but not in all three. The stars in this proper motion sample have brightness ranging from K = 9 to 17 mag, or equivalently M K = -8.5 to -0.5 mag assuming A K = 3 mag, with typical relative positional uncertainties of ∼ 0.
′′ 002 for sources brighter than 15 mag. The naming convetion we have adopted is described in Table 1 .
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The distribution of stars in the proper motion sample shows a clear central concentration within 0.
′′ 2 ± 0. ′′ 1 of the position of Sgr A* (Menten et al, 1997) . It should be noted, however, that our sample of 90 stars itself is neither complete nor uniform. Many stars in the image are missed using the fairly conservative approach and selection criteria described above, which tends to omit close doubles as their correlation values are significantly lower than isolated stars -the smallest separation between two stars in the final sample is 0.
′′ 08. Furthermore, the seeing halos cause the sensitivity to faint sources to grow with distance from bright sources out to 1. ′′ 5 where it is then more or less constant at a brightness ∼7 mag fainter than the bright source. Nonetheless, with a peak value of ∼ 15 stars/arcsec 2 , the stellar surface density for the proper motion sample appears to manifest a distinct cluster, the Sgr A* (IR) cluster, of stars fainter than K = 14 mag and an apparent core radius of 0.
′′ 3 (0.01 pc).
Stellar Kinematics
Since measuring the motions of stars requires a common coordinate system, the coordinate systems for the three measurements are aligned by minimizing the net displacements of all the stars in the proper motion sample, allowing for translation and rotation between the three epochs. Figure 3 shows the transformed positions for stars within a 1 arcsec 2 region centered on the nominal position of Sgr A*, where motion for several of the stars can be easily seen. Formal two-dimensional velocities are derived by fitting lines to the positions as a function of time, weighted by the positional uncertainties, for all stars in the sample, of which 30 have significant motion (v/σ v >4) over the two year baseline of this study (see Table 1 ). In all cases, the velocity vectors measured between 1995-1996 and 1996-1997 agree to within 4σ. As a consequence of our approach to defining the proper motion sample the uncertainties are independent of the overall location and depend primarily on the source brightness, with typical uncertainties of 50 km/sec for the brighter stars (K < 13 mag), 100 km/sec for the intermediate brightness stars (13 mag < K < 15 mag), and 200 km/sec for the faintest stars (15 mag < K < 17 mag). Eleven stars have proper motions exceeding 500 km/sec, with the largest velocity reaching 1,400 ± 100 km/sec, 0.5% the speed of light, for a K = 15 mag source 0.
′′ 1 west of Sgr A*.
The distribution of velocities is nonuniform, with the highest velocity sources clustered toward the field center (see Figure 4) . Seven of the 11 sources with velocities exceeding 500 km/sec appear to be members of the central Sgr A* stellar cluster, with projected distances from the nominal position of Sgr A* of less than 0.
′′ 8. A map of the two-dimensional velocity dispersion, obtained by binning the velocities over 1.
′′ 5 × 1. ′′ 5 regions, shows a prominent peak of 670 km/sec located just 0.
′′ 1 East and 0. ′′ 1 North of Sgr A*. The coincidence between the nominal position of Sgr A*, the peak of the stellar surface density, and the peak of the velocity dispersion, suggests that Sgr A* is indeed at the dynamical center of our galaxy. We therefore take the position of Sgr A* as the center for the analysis that follows.
With more than one dimension of the velocity vectors measured, we can test for isotropy, in which case the velocity dispersions should be identical in all three dimensions. In the plane of the sky, the projected radially directed (σ ) and the projected tangential (σ ⊥ ) components of the velocity dispersion are similar at all radii covered by this study, with σ /σ ⊥ = 1.15 ± 0.1. Line of sight velocity measurements for individual stars have only been obtained for the largest radii covered here, ∼0.1 pc; nonetheless, the velocity dispersion in the line of sight (σ z ) and that of either dimension in the plane of the sky is in agreement, with σ z / < σ , σ ⊥ > = 1.1 ± 0.2, as was shown by Genzel et al. (1996) . The apparent isotropy of the stellar velocity field suggests that the stars are moving under the influence of a spherical potential.
The apparent isotropy justifies averaging the two components of dispersion in the plane of the sky to examine only a one-dimensional velocity dispersion as a function of projected radius ( Figure 5 ). The velocity dispersion at small radii is clearly much higher than the 50 km/sec dispersion observed at larger radii. Furthermore, fitting these data to a power law, σ v (r) ∼ r α , results in best fit α of -0.53 ± 0.1, an excellent match with that expected from Keplerian orbits (α = -0.5). This behavior suggests that the stars' motions are dominated by the gravitational force of a large central mass confined to a radius less than the smallest radial bin -0.015 pc. It also suggests that this central mass completely dominates the mass distribution out to at least the radius of the outermost bin, 0.1 pc.
Comparison with Other Proper Motion Measurements
Of the 90 stars presented here, roughly half -44 stars -have velocities also reported by Eckart and Genzel (EG; Eckart & Genzel 1996 Genzel et al. 1997 ) that differ by no more than 4 σ from those in Table 1 ; the largest differences arise in the central ∼ 1arcsec 2 where the source confusion is the largest and the increase in angular resolution has the most impact. Over the ∼ 30 arcsec 2 area covered by both EG and this study, only 3 of EG's 47 stars are not included in our proper motion sample. One of these -S5 -is resolved as a close, equal-brightness double, causing it to fail our selection criteria, although it is clearly seen in the shift-and-add images. The other two -W15 and S3 -are selected in at least one of our epochs but not all in three. The former is very close to the edge of the field of view and small shifts in the field center cause it to fall below our detection limit in 1996 and 1997, and the latter is coincident with the Sgr A* star cluster where the source confusion is greatest. S3 is identified as a definite detection in 1995, but is dropped from the proper motion sample due to ambiguity when the search for possible matches in the 1996 and 1997 maps reveal several possible solutions that do not satisfy the condition that the closest source has the most similar brightness. Although one of these solutions does produce constant velocity (880 ± 200 km/sec at PA = 320 o ), it and all the other solutions with a search radius of 0.
′′ 07 require the source to fade by 1.5 mag between 1995 and 1996. More frequent observations at as high a spatial resolution as possible are clearly needed to unambiguously track both the motion and variability of sources in this high density region. The proper motions for the remaining 46 stars listed in Table 1 , which have magnitudes ranging from 12 to 17, are the first reported values for these stars; they double the number of stars with proper motion measurements in this region.
In addition to the proper motion stars, Genzel et al. (1997) also report S12 as a variable star and as a possible infrared-counterpart to Sgr A*. This source is detected as a possible source in our 1996 and 1997 data sets, but does not meet the proper motion selection criteria. The proper motion derived from the 1996 and 1997 measurements, however, is inconsistent with the proper motion limits derived for Sgr A* at radio wavelengths .
The Central Dark Mass
The two-dimensional positions and velocities measured for stars in the inner 6 ′′ ×6 ′′ (0.23 pc × 0.23 pc) provide excellent constraints on the distribution of matter at the center of the Galaxy. In principle, if all six components of the position and velocity vectors could be observed, each star would yield an estimate of the mass enclosed within its radius.
With the two-dimensional projections, the individual stars provide only lower limits on the enclosed mass, M min , under the assumption that the stars are gravitationally bound, in which case
Every star imposes a minimum mass that exceeds the enclosed mass of luminous matter extrapolated from the power law relationship derived at larger radii by Genzel et al. (1996) . Considering only stars with v/σ v ≥ 4, the minimum enclosed mass estimates reach values of 2 − 3 × 10 6 M ⊙ , with the apparent members of the Sgr A* cluster having M min 's ranging from 0.2 − 1 × 10 6 M ⊙ (see Figure 6 ). Thus the stars appear to be moving under the influence of a gravitational potential generated by at least a few million solar masses of dark matter.
Projected mass estimators analyze stars grouped in concentric annuli around the dynamical center to account for projection effects and produce estimates of the true enclosed mass. The well-known and frequently used virial mass estimator, M virial , has the form
Applied to the Galactic center data set, this mass estimator suggests that 2.5 ± 0.2 × 10 6 M ⊙ of dark matter is located predominantly, if not exclusively, at radii smaller than 0.015 pc. Bahcall & Tremaine (1981) , however, pointed out that the virial mass is a biased, inefficient, and, in some cases, inconsistent mass estimator; they proposed a set of new projected mass estimators for a tracer population moving under the influence of a central potential, M BT . For the case of isotropic orbits this estimator is given by
The assumption of a dominating compact central mass is well justified, given the Keplerian fall-off of the velocity dispersion as a function of radius ( Figure 5 ). The validity of this assumption allows one to use the projected mass estimator with only minor caveats about the finite sampling volume , implying a possible correction on the order of 10% (which we do not apply).
For the Galactic center data set the two methods produce very similar results, with the M BT values being only slightly larger, 2.6 ± 0.2 × 10 6 M ⊙ . These values agree very well with those obtained over similar radial distances by Genzel et al. (1997) and match well with those obtained at larger radii (see Figure 7) . Overall, the enclosed mass results suggest, consistent with both the functional form of the velocity dispersion vs. radius and the minimum mass estimates, that the majority of stars observed are moving in a potential dominated by 2.6 × 10 6 M ⊙ of matter contained within 0.015 pc of Sgr A*. Since the total luminosity within 0.015 pc of Sgr A* observed in our maps is a meager L K of 40 L ⊙ , the implied mass to light ratio is M/L K ∼ 6 × 10 5 . As the K-band covers only a small range of wavelengths, it is useful to compare this value to that observed for the Sun, which has a M/L K of ∼ 40. Given the high mass to light ratio observed, the central mass concentration is certainly composed primarily of dark matter.
Strong constraints on the distribution of central dark matter arise from the enclosed mass measurements. Confining the density distribution of dark matter to radii smaller than 0.015 pc implies a minimum density of 10 12 M ⊙ pc −3 , surpassing the volume averaged mass densities inferred for dark matter at the center of any other galaxy by at least two orders of magnitude. One intriguing possibility is that the dark compact object we are observing is a single supermassive black hole, as has been inferred for several other galaxies such as M87 Harms et al. 1994 ) and NGC 4258 Myoshi et al. 1995) . This would be a unique solution if the minimum radius of the enclosed mass measurements corresponded to the Schwarzchild radius for a 2.6 × 10 6 M ⊙ black hole (R sh = 2GM bh /c 2 , R sh,2.6×10 6 M ⊙ = 2.5 × 10 −7 pc = 11R ⊙ ), in which case the central "density" would be ρ o,bh = 4 × 10 25 M ⊙ pc −3 ; however the minimum radius is still a factor of 40,000 larger than R sh and thus other scenarios still need to be explored.
One alternative to the single black hole scenario is a cluster of dark matter in the form of stellar remnants, brown dwarfs, or even elementary particles. In general, astrophysical clusters can often be approximated by a Plummer model, ρ(r) = ρ o 1 + r 2 rc 2 −α/2 , which requires the specification of two parameters in addition to the central density: a characteristic size scale, r c , and the power law, α. Although an α of 2 holds for the visible stellar cluster with ρ o = 4 × 10 6 M ⊙ /pc 3 and r c = 0.2 pc, such a profile produces an enclosed mass which increases linearly with radius, much steeper than that observed within the central 0.2 pc. To match the observed flat enclosed mass as a function of radius with a pure cluster model requires α to be at least 3 and r c to be very small. Since astrophysical systems have been observed with α's as large as 5, we explored the viability of clusters with α ranging from 3 to 5. Mathematically, dark cluster models can be made to fit the observed data; α of 5 requires a r c of 0.01 pc and ρ o of 6 × 10 11 M ⊙ /pc 3 , α of 4 is fit by r c of 0.005 pc and ρ o of 2 × 10 12 M ⊙ /pc 3 , and α of 3 demands r c of 0.00002 pc and ρ o of 7 × 10 18 M ⊙ /pc 3 (see Figure 7) . Physically, however, such dark cluster models are highly improbable (cf. Maoz 1995 Maoz , 1998 . A viable cluster must have both evaporation and collision timescales greater than the lifetime of the Galaxy ∼ 10 Gyr. Clusters of objects having any single mass greater than 0.02 M ⊙ have evaporation timescales shorter than the age of the Galaxy, ruling them out from consideration. Among possible nonluminous cluster members with masses less than 0.02 M ⊙ , brown dwarfs, and very low mass objects with cosmic composition are ruled out by their short collisional timescales, which are at most 10 7 years. What has not been eliminated with timescale considerations alone are clusters of elementary particles and very low mass (M < 0.02 M ⊙ ) black holes, however such clusters are theoretically unmotivated. Thus, the observed mass distribution is not likely to be due to a pure cluster of dark objects.
Another alternative is for only a fraction of the mass to be in a central black hole with the remaining mass contained in a cluster of dark objects as might be found in a post core-collapsed cluster. Fitting the measured enclosed mass as a function of radius with a black hole plus an α ∼ 2 cluster model, we find that only 1% of the total mass interior to 0.015 pc can be in the cluster due to rapid rise of the mass enclosed by an α ∼ 2 cluster. Although larger α clusters relax this criterion, α ∼ 2 is the expected form for a cluster surrounding a black hole (e.g., Binney & Tremaine 1987) . Thus the dynamical evidence, independent of the presence of Sgr A*, leads us to the conclusion that our Galaxy harbors a 2.6 × 10 6 M ⊙ black hole.
Our Galaxy was neither the first nor an obvious candidate for a central supermassive black hole; however in the million solar mass range, it, along with NGC 4258, has become one of the strongest cases for a black hole. The significance of a central black hole in our normal inactive Galaxy is the implication that massive black holes might be found at the centers of almost all galaxies.
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A. NIRC Off-Axis Distortion
NIRC, which sits ∼50 ′′ away from the telescope's optical axis, has a known off-axis distortion which is corrected for by applying the following relations from Gleckler (1995) for the distorted ray positions (x D , y D ) relative to the true ray positions (x, y): x D = x + Bx + Cxy + Exr 2 and y D = y + A + 3By + Cy 2 + (D + Ey)r 2 where r 2 = x 2 + y 2 , A = -0.00001708, B = -0.0002197, C = -0.003553, D = 0.001778, and E = 0.00006560. The corrected intensity value at each (x,y) is found by bilinear interpolation of the original image at the corresponding distorted ray position, (x D , y D ). This procedure reduces the pixel scale variations from 2% to less than 0.5% over the field of view for a single frame. In the final shift-and-add maps, averages over different camera orientations further minimize any residual distortions. 2 centered on the position of Sgr A* (starred point, which depicts the location of this radio source). Significant velocities, which reach 1400 ± 100 km/sec, are easily detected in this region. Each year's measurement is represented by a different symbol: 1995 by triangles, 1996 by squares, and 1997 by circles. Genzel et al. (1996) . Each star suggests the presence of a central dark mass of roughly a million M ⊙ . Fig. 7 .-The enclosed mass as a function of projected distance from Sgr A* are shown for the results of this study (7 filled circles), EG's proper motion study (4 unfilled circles), radial velocity study (13 unfilled squares), and Guesten et al. (1987) measurement of the rotating gas disk (2 unfilled triangles). From 0.1 to 0.015 pc the enclosed mass appears to be constant with a value of 2.6 × 10 6 M ⊙ . Mathematically, power law dark clusters with α ≥ 3 fit the observed distributions, however they are not physically tenable (see text). The high density of the central dark mass, which exceeds 10 12 M ⊙ /pc 3 , is indicative of a single supermassive black hole. a The naming convention adopted is designed to directly convey relevant information about the location of the source relative to the position of SgrA * . Adopting the SgrA * position given by Menton et al. (1997) , which is accurate to 0.03 arcseconds, we divide the surrounding field into concentric arsecond-wide annuli centered on SgrA * . Stars lying in the central circle, which has radius 1 arcsecond, are given the names S0-1, S0-2, S0-3, etc. Stars lying in the annulus between radii of 1 to 2 arcseconds are given the names S1-1, S1-2, and so on. The number immediately following "S" thus refers to the inner radius of the annulus in which the star lies. The number following the hyphen is ordered in the sense of increasing distance from SgrA* within each annulus. Of course there are more stars in each annulus than in our proper motion sample listed here. When this nomenclature is applied to future lists of new stars, the number following the hyphen will continue to be incremented within each annulus, ordered within each new list of added stars in the sense of increasing distance from SgrA * b The epoch of the brightness and positional measurement is 1995.4.
c The brightness of each star is assessed by carrying out aperture photometry on the "cores" with an the object radius extending from 0 to 0.
′′ 06, a sky annulus ranging from 0. ′′ 06 to 0. ′′ 09, and a zero point determined by IRS 16 NE which is assumed to have a K magnitude of 9.0.
Note. -1 -additional measurements of these stars can be found in Genzel et al. (1997) ; 2 -additional measurements of these stars can be found in ; 3 -this is the first measurement of these stars' proper motions
